We investigated intentionally hydrogenated zinc oxide ͑ZnO:H͒ fabricated by combining photoassisted metalorganic chemical vapor deposition and mercury-sensitized hydrogen addition methods. We found that intentionally incorporated hydrogen plays an important role in n-type conduction as a donor, improving free carrier concentration and electrical stability. We simultaneously obtained improved surface roughness of the ZnO:H film due to an enhancement of (112 0) orientation. The high-quality ZnO:H film is promising as a back reflector material for thin-film solar cells.
We investigated intentionally hydrogenated zinc oxide ͑ZnO:H͒ fabricated by combining photoassisted metalorganic chemical vapor deposition and mercury-sensitized hydrogen addition methods. We found that intentionally incorporated hydrogen plays an important role in n-type conduction as a donor, improving free carrier concentration and electrical stability. We simultaneously obtained improved surface roughness of the ZnO:H film due to an enhancement of (112 0) Nominally undoped ZnO with a hexagonal wurtzite crystal structure typically shows an n-type conductivity rising from the electrons in the conduction band. It has been widely considered that this n-type conductivity originated from native defects such as oxygen vacancies and zinc interstitials. 1 Despite years of investigations, the nature of the conductivity is still in dispute because none of the native defects can function as high-concentration shallow donors. 2 As suggested by Van de Walle 3 and in other reports, 4 -6 hydrogen unintentionally incorporated into ZnO during the deposition is potentially an excellent candidate for the source.
We previously reported on the improvement of the electrical conductivity and surface roughness of undoped ZnO by in-situ H 2 posttreatment using a photoassisted metalorganic chemical vapor deposition ͑photo-MOCVD͒ technique. 7, 8 This result motivated us to investigate the characteristics of intentionally hydrogenated ZnO ͑ZnO:H͒ thin films. In this letter, we propose a method for preparing ZnO:H thin films and report on their electrical, optical, and structural characteristics. We also discuss the potential application of ZnO:H in amorphous silicon (a-Si:H) based solar cells.
The proposed technique for preparing ZnO:H thin films involves combining the photo-MOCVD and mercurysensitized hydrogen addition methods. The details for the photo-MOCVD technique have been described in our previous paper. 9 A low-pressure mercury lamp with resonance lines of 184.9 nm and 253.7 nm was used as an ultraviolet ͑UV͒ light source. Bubbled diethylzinc ͑DEZ͒ and H 2 O were introduced into the reaction chamber by using high-purity Ar ͑99.999%͒ carrier gas. Corning 7059 glasses (20ϫ30 mm) and bare Si wafers were used as substrates. The substrate temperature, H 2 O/DEZ ratio and chamber pressure were maintained at 140°C, 13 mol/mol and 6 Torr, respectively. During the ZnO:H deposition, H 2 gas was fed into the reaction chamber through a mercury bath maintained at 20°C. The flow rate of H 2 ͑R͒ was varied from 0 to 12 sccm.
The sheet resistance, Hall mobility, and carrier concentration were measured at room temperature using the van der Pauw method. Changes in the crystal orientation and surface morphology were inspected by x-ray diffraction ͑XRD͒ and atomic force microscopy ͑AFM͒ measurement, respectively. The optical transmittance was measured using a UV/visible spectrophotometer operating in a spectra range of 300-1500 nm.
The electrical properties of ZnO and ZnO:H as a function of R are shown in Fig. 1 . The charge carrier concentration in ZnO:H films increases as R increases up to 8 sccm. The concentration saturates above 8 sccm. From these results, it can be speculated that the concentration increase with R is due to the desorption of oxygen and incorporation of hydrogen in the bulk, which might be supported by mercury-sensitized hydrogen radicals generated under the UV light irradiation. In nominally n-type ZnO, the lowenergy oxygen vacancies that may be formed in high concentrations would be neutral and electrically inactive; however, the substitutional hydrogen atoms for the oxygen vacancies act as shallow donors. 2, 3 Hall mobility gradually decreases with an increase in R. Thus, the lowest as-grown resistivity of 7.6ϫ10 Ϫ4 ⍀ cm was achieved when R was equal to 4 sccm. Judging from the mobility, we can conclude that the hydrogen atoms also act as centers of interstitial sites in the lattice, causing an impurity electron scattering. Figure 2 displays the stability of the sheet resistance in the ZnO and ZnO:H films at room temperature under an air atmosphere. The ZnO:H exhibits a remarkable improvement of stability without any annealing. However, the nominally undoped ZnO displays a monotonous increase in the sheet resistance with exposure time due to the adsorption of oxygen at the surface. From Fig. 2 , we see that the degradation ratio of the electrical conductivity significantly reduces with the increase in R. The ZnO:H films seem to become metastable as the exposure time passes. Therefore, we can conclude that the hydrogen atoms incorporated in ZnO, which increase with R, limit the adsorption of oxygen at the surface. Figure 3 shows that all the films prepared at the low substrate temperature of 140°C are highly oriented to the (112 0) direction, which is parallel to the substrate surface. Note that the intentional H 2 addition markedly enhances the relative intensity of the (112 0) reflection peak, while no significant change was detected for ZnO after the in situ H 2 posttreatment in our previous works. 7, 8 This unique structural change originates from the reduction of oxygen content in the bulk due to the continuous hydrogen addition during the deposition process. It is known that grains oriented to the (112 0) direction indicate a rough surface. 10 To corroborate this, we compared the surface morphology of undoped ZnO ͑170 nm thick͒ and ZnO:H ͑150 nm thick͒, as depicted in Fig. 4 . In spite of its smaller thickness, the ZnO:H film possesses a rougher surface.
We also compared the optical characteristics of 1500 nm thick undoped ZnO and ZnO:H films. 11 The hydrogen addition increases the scattering of incident light at the surface and thereby enhances the haze ratio; at the same time, it slightly diminishes the total transmittance in the visible region due to the reduction of oxygen content. Despite the increase in free carrier concentration, the absorption edge of ZnO:H was shifted very slightly to a shorter-wavelength region compared to nominally undoped ZnO with an optical band gap of 3.38 eV.
Finally, we want to emphasize the potential application of ZnO:H films in a-Si:H based solar cells. We have obtained high conversion efficiencies in a-Si:H based solar cells by employing highly conductive and transparent nominally undoped ZnO films as back reflectors. 12, 13 Due to its higher electrical stability and surface roughness, ZnO:H is very promising not only as a back reflector to improve the long-wavelength response 14 but also as a transparent electrode. The applicability for this is currently under study.
In summary, we have introduced a method for preparing intentionally hydrogen-incorporated ZnO:H thin films at the low temperature of 140°C by combining the photo-MOCVD and mercury-sensitized hydrogen addition methods. The improved electrical conductivity and stability indicate that hydrogen is highly soluble in ZnO and plays an important role in n-type conduction as the donor. In addition, we succeeded in fabricating highly textured thin film by the reduction of oxygen content in the bulk. Based on these attributes, we anticipate that the high-quality ZnO:H film could be suitable as a back reflector material for a-Si:H based solar cells.
